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ABSTRACT
We surveyed the Aquila Rift complex including the Serpens South and W 40 region in the NH3 (1,1) and (2,2) transitions making use
of the Nanshan 26-m telescope. Our observations cover an area of ∼1.5◦ × 2.2◦ (11.4 pc× 16.7 pc). The kinetic temperatures of the
dense gas in the Aquila Rift complex obtained from NH3 (2,2)/(1,1) ratios range from 8.9 to 35.0 K with an average of 15.3± 6.1 K
(errors are standard deviations of the mean). Low gas temperatures associate with Serpens South ranging from 8.9 to 16.8 K with an
average 12.3± 1.7 K, while dense gas in the W 40 region shows higher temperatures ranging from 17.7 to 35.0 K with an average
of 25.1± 4.9 K. A comparison of kinetic temperatures derived from para-NH3 (2,2)/(1,1) against HiGal dust temperatures indicates
that the gas and dust temperatures are in agreement in the low mass star formation region of Serpens South. In the high mass star
formation region W 40, the measured gas kinetic temperatures are higher than those of the dust. The turbulent component of the
velocity dispersion of NH3 (1,1) is found to be positively correlated with the gas kinetic temperature, which indicates that the dense
gas may be heated by dissipation of turbulent energy. For the fractional total-NH3 (para+ortho) abundance obtained by a comparison
with Herschel infrared continuum data representing dust emission we find values from 0.1× 10−8 to 2.1× 10−7 with an average of
6.9 (±4.5)× 10−8. Serpens South also shows a fractional total-NH3 (para+ortho) abundance ranging from 0.2× 10−8 to 2.1× 10−7 with
an average of 8.6 (±3.8)× 10−8. In W 40, values are lower, between 0.1 and 4.3× 10−8 with an average of 1.6 (±1.4)× 10−8. Weak
velocity gradients demonstrate that the rotational energy is a negligible fraction of the gravitational energy. In W 40, gas and dust
temperatures are not strongly dependent on the projected distance to the recently formed massive stars. Overall, the morphology of
the mapped region is ring-like, with strong emission at lower and weak emission at higher Galactic longitudes. However, the presence
of a physical connection between both parts remains questionable.
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1. Introduction
Systematic studies of dense molecular cores in regions of high
mass star formation (HMSF) are of great importance for our un-
derstanding of their physical and chemical properties. In com-
parison with low mass star-forming regions, only a few, rather
arbitrarily selected cores associated with HMSF regions have
been investigated in some detail (Zinnecker & Yorke 2007; Tan
et al. 2014). There is a clear observational dichotomy between
low mass star formation (LMSF) and high mass star formation
(HMSF). It is suggested that more than 70% of HMSF stars
are formed in dense clusters embedded within giant molecular
clouds (GMCs) (Lada & Lada 2003). For a better understanding
of massive star formation, it is important to obtain the physical
conditions of HMSF regions. High mass stars form almost ex-
clusively in GMCs while low mass stars can form in dark clouds
as well as in GMCs. High mass stars are predominantly formed
in clusters, while low mass stars may form in smaller molecu-
lar complexes as for example in the Taurus molecular cloud or
in isolation. The star formation efficiency is generally higher in
HMSF regions (e.g., Myers et al. 1986; Lada & Lada 2003). In
HMSF regions, densities and temperatures tend to be higher, and
spectral line widths are larger indicating a higher degree of tur-
bulence. The causal relationship between the presence of young
high mass stars, molecular cloud characteristics, and details of
the star formation process, however, is not well established.
The star formation region in the Aquila Rift is located at a
distance of ∼436± 9.2 pc (e.g., Ortiz-León et al. 2017, 2018)
in areas extending up to Galactic latitudes of at least +10◦ and
down to −20◦ (e.g., Dobashi et al. 2005). The Aquila Rift con-
tains several active star-forming regions: Serpens Main, Serpens
South, Serpens MWC297, and W 40. Here, we focus on that part
of the Aquila Rift complex that harbors two known sites of star
formation: Serpens South and W 40. Serpens South is a well-
known site of star formation, located in the western part of the
Aquila Rift cloud complex, which forms a young embedded stel-
lar cluster (Gutermuth et al. 2008). It has a filamentary structure
on the cusp of a burst of low-mass star formation. W 40, located
further to the east in equatorial coordinates, is a site of ongo-
ing high-mass star formation. It still contains dense molecular
cores (Dobashi et al. 2005), and includes a blistered H II region,
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powered by a compact OB association that contains pre–main–
sequence stars (e.g., Zeilik & Lada 1978; Smith et al. 1985;
Vallee 1987; Kuhn et al. 2010; Rodríguez et al. 2010; Mallick
et al. 2013).
Aquila is a unique region for studying the physical and chem-
ical conditions of molecular clouds. A large number of molecu-
lar line observations have been performed, such as in CO (Naka-
mura et al. 2017; Su et al. 2019, 2020), in NH3 (Levshakov et
al. 2013, 2014; Friesen et al. 2016) and in H2CO (Komesh et al.
2019). This was complemented by SCUBA-2 450 and 850 µm
observations (Rumble et al. 2016). A few years ago, the whole
Aquila complex was extensively studied by the Herschel Gould
Belt Survey1, yielding more than 500 detections of starless cores
imaged in dust emission at 70-500 µm (Könyves et al. 2010).
However, a systematic spectral survey of the dense gas in the
region, covering and comparing the emission of both Serpens
South and the W 40 complex is still missing. A basic result of
the NH3 studies of Levshakov et al. (2013, 2014), mostly car-
ried out in a position switching mode, was that they were of-
ten finding so far unknown clouds at the off positions, provid-
ing the urgent need for a systematic survey of the entire region.
Friesen et al. (2016) presented NH3 measurements of Serpens
South (∼4 pc× 4 pc) with the Green Bank Telescope (GBT).
Here we present a complementary survey with lower angular res-
olution, but twelve times larger area encompassing many Aquila
rift clouds with substantial visual extinction.
Ammonia (NH3) is frequently used as the standard molec-
ular cloud thermometer (e.g., Ho & Townes 1983; Walmsley
& Ungerechts 1983; Danby et al. 1988). It starts to form at an
early stage of prestellar core evolution and becomes brightest
during the later stages (e.g., Suzuki et al. 1992). NH3 (1,1) and
(2,2), both belonging to the para-species of ammonia, have been
proved to be an excellent thermometer at Tkin < 40 K (Walmsley
& Ungerechts 1983). They can also serve as a good thermometer
for higher temperatures after some modification of the rotational
temperature but with a reduction in precision (Walmsley & Un-
gerechts 1983; Danby et al. 1988; Tafalla et al. 2004). Moreover,
the critical densities of NH3 (1,1) and (2,2) are about 103 cm−3
(Evans 1999; Shirley 2015), thus providing a proper tracer for
dense regions.
In this paper we intend to provide first ammonia maps cov-
ering the entire region of the Aquila Rift cloud complex and to
reveal a complete distribution of the dense gas. The article is or-
ganized as follows: In Sect. 2 we introduce our observations and
data reduction. Results are highlighted in Sect. 3. We discuss the
variation of NH3 abundance and gas temperature in Sect. 4. Our
main conclusions are summarized in Sect. 5.
2. Observations and data reduction
2.1. NH3 observations
From March 2017 to August 2018, we observed the NH3 (1,1)
and (2,2) lines with the Nanshan 26-m radio telescope. A 22.0-
24.2 GHz dual polarization channel superheterodyne receiver
was used. The main parameters of the Nanshan telescope and
survey area are listed in Table 1. The rest frequency was cen-
tered at 23.708 GHz to observe NH3 (1,1) at 23.694 GHz and
(2,2) at 23.723 GHz, simultaneously. To convert antenna temper-
atures T ∗A into main beam brightness temperatures TMB, a beam
efficiency of 0.59 has been adopted. The observations were cal-
ibrated against periodically (6 s) injected signals from a noise
1 http://www.herschel.fr/cea/gouldbelt/en/index.php
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Fig. 1. Color image of the Aquila Rift (red for 500 µm, green for
350 µm, and blue for 250 µm, all derived from Herschel data (Bontemps
et al. 2010; Könyves et al. 2010)). The regions subsequently observed
in NH3 are marked by six boxes (see Table A.1).
diode. We have observed IRAS 0033+636 (α= 00:36:47.51,
δ= 63:29:02.1, J2000) repeatedly during observations (Schreyer
et al. 1996), adopting a main beam brightness temperature
TMB = 4.5 K. Systematic variations and dispersion of brightness
temperatures are small (see Appendix A). The standard devia-
tion of the mean is ∼10% (see Fig. A.1). To further check our
calibration stability, we compared our NH3 data with previously
taken NH3 data observed with the GBT in Fig. A.2 (Sokolov et
al. 2017). The two data sets obtained from G035.39-0.33 are in
good agreement.
The typical system temperature was ∼50 K (T ∗A scale) at
23.708 GHz. The map was made using the On-The-Fly (OTF)
mode with 6′×6′ grid size and 30′′ sample step. All observations
were obtained under excellent weather conditions and above an
elevation of 20◦. The mapped region was divided into six areas
(see Fig. 1). Main parameters of each area are listed in Table A.1
of Appendix A. The whole map covers a region of ∼1.5◦ × 2.2◦
(11.4 pc× 16.7 pc).
2.2. Data reduction
The CLASS and GREG packages of GILDAS2, and also python
plot packages matplotlib (Hunter 2007) and APLpy3 were used
2 http://www.iram.fr/IRAMFR/GILDAS/
3 http://aplpy.github.com
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Table 1. Main parameters of the Nanshan telescope and survey area.
Telescope Nanshan 26-m antenna
Receiver K-band receiver
Mode On-The-Fly
Molecular lines NH3 (1,1) and (2,2)
Rest frequency 23.708 GHz
Bandwidth 64 MHz
Channel number 8192
Beam size ∼2 arcmin
Velocity resolution ∼0.1 km s−1
Main beam efficiency 59%
Region 28.2◦ < l < 29.7◦, 2.6◦ < b < 4.8◦
Survey area 1.5◦ × 2.2◦
Serpens South 28.5◦ < l < 29.1◦, 3.6◦ < b < 4.4◦
W 40 28.5◦ < l < 29.1◦, 3.2◦ < b < 3.6◦
for all the data reduction. The spectra were resampled in steps of
∼1′. To enhance signal to noise ratios (S/Ns) in individual chan-
nels, we smoothed in many but not all cases (see Sect. 3.1) con-
tiguous channels to a velocity resolution ∼0.2 km s−1. A typical
rms noise level (1σ) is ∼0.03 - 0.05 K (TMB scale) for a channel
of ∼0.2 km s−1 in width (see Table A.1). With respect to NH3,
we chose two fitting methods, ‘GAUSS’ fit and NH3 (1,1) fit.
In order to convert hyperfine blended line widths to intrinsic
line widths in the NH3 inversion spectrum (e.g., Barranco &
Goodman 1998), we also fitted the averaged spectra using the
GILDAS built-in ‘NH3(1,1)’ fitting method which can fit all 18
hyperfine components simultaneously. From the NH3(1,1) fit we
can obtain integrated intensity, line center velocity, intrinsic line
widths of individual hyperfine structure (hfs) components, and
optical depth. Main beam brightness temperatures TMB are ob-
tained from ‘GAUSS’ fit. These fitting methods were also used
in previous works, such as by Wienen et al. (2012) and by Wu
et al. (2018). Examples for reduced and calibrated spectra of
NH3 (1,1) and (2,2) inversion lines are given in Fig. 2.
Because the hyperfine satellite lines of the NH3 (2,2) tran-
sition are mostly weak, NH3 (2,2) optical depths are not deter-
mined. A single Gaussian profile was fitted to the main group of
NH3 (2,2) hyperfine components. Physical parameters of dense
gas such as rotational temperature (Trot), kinetic temperature
(Tkin), and para-NH3 column density (NNH3 ) were derived using
the method described by Ho & Townes (1983) and Ungerechts
et al. (1986) (see Sects. 3.2 and 3.3).
3. Results
3.1. NH3 distribution
NH3 (1,1) and (2,2) velocity-integrated intensity maps of the
main groups of hyperfine components are presented in Fig. 3. In-
tensities were integrated over the Local Standard of Rest velocity
(VLSR) range of 4 to 10 km s−1. NH3 (1,1) shows an extended dis-
tribution and clearly traces the dense molecular structure includ-
ing Serpens South and W 40. NH3 (2,2) is only detected in the
densest regions of Serpens South and W 40, and shows a much
less extended distribution.
What we find in Fig. 3 is an Aquila Rift morphology that re-
sembles the Herschel color infrared image shown in Fig. 1 in
many aspects, but also shows clear differences (see also Fig. 1 of
Könyves et al. 2010 for an H2 column density map of the region,
based on Herschel data). In the Serpens South region, there is a
dominant ridge of strong NH3 (1,1) emission from the southwest
Fig. 2. NH3 (1,1) and (2,2) spectra at offset (∆l, ∆b) = (2′, 16′) with re-
spect to the reference position (l= 28.59◦, b= 3.55◦). In each panel, the
black solid line represents the observed spectrum, the green solid line
indicates the NH3 (1,1) fitting (lower panel) and Gaussian fitting (up-
per panel) of the NH3 (2,2) line (see Sect. 2.2). The groups of hyperfine
components “mg”, “isg”, and “osg” represent the main, inner-satellite,
and outer-satellite groups. The velocity scale is Local Standard of Rest,
here and elsewhere.
to the northeast (position angle ∼ 30◦ in Galactic coordinates)
containing several cores with a total length of about 15′. This is
also seen in the color Herschel infrared image, but the latter is
dominated by relatively hot dust associated with the W 40 com-
plex, where NH3 emission is present at a lower level. Weaker
NH3 emission extending further to the south and north follows
the color Herschel infrared image. Our mapped area with high-
est Galactic longitudes, region 5 in Fig. 1, showing only weak
emission, is also seen in our NH3 (1,1) map. Overall, the NH3
distribution (Fig. 3) shows a ring-like morphology, with the cen-
ter of this ring located in region 4 (see Fig. 1 and Sect. 4.5). With
a radius of 25′ to 30′ (about 3.5 pc) it is roughly circular and
exhibits comparatively strong dust and NH3 emission at its low
and weak emission at its high Galactic longitude side.
Previous SPIRE/PACS observations from the Herschel
Gould Belt survey towards the Aquila cloud complex (Könyves
et al. 2015) identified 446 candidate prestellar cores and 58 pro-
tostellar cores in the Aquila region. Using this catalogue, we find
362 prestellar cores and 49 protostellar cores in our observed
area and show their distribution in Fig. B.1. The two data sets of
pre- and protostellar cores on the one side and the NH3 data on
the other match each other very well. All protostellar cores are
associated with regions of notable (>0.13 K km s−1) NH3 emis-
sion, while prestellar cores are even found in the weak high-
longitude region of the large ring-like structure.
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Fig. 3. Integrated intensity maps of NH3 (1,1) (left) and (2,2) (right), the reference position is l= 28.59◦, b= 3.55◦. The integration range is
4 <VLSR < 10 km s−1. Contours start at 0.13 K km s−1 (3σ) on a main beam brightness temperature scale and go up in steps of 0.13 K km s−1. The
unit of the color bars is K km s−1. The half-power beam width is illustrated as a black filled circle in the lower left corners of the images. The red
line in the top right of each map illustrates the 1 pc scale at a distance of 436 pc (Ortiz-León et al. 2017, 2018). In the left panel black stars show
the positions of the identified 38 ammonia clumps (see Sect. 3.2).
Using the ‘NH3(1,1)’ fit procedure (see Sect. 2.2), the
NH3 (1,1) intensity-weighted mean velocity (moment 1) and
velocity dispersion (moment 2) maps are presented in Fig. 4.
They visualize the kinematics of the Aquila Rift derived from
NH3 (1,1). The two images are overlaid with NH3 (1,1) inte-
grated intensity contours as in Fig. 3. Here we use a higher
threshold of 5σ for the lowest contours to provide reliable re-
sults. Previous NH3 observations with the GBT (beam size
∼30′′; Friesen et al. 2016) toward the Serpens South indicated
narrow line widths, typically of order 0.5 km s−1, but with min-
ima near 0.15 km s−1, so that we used in this case a velocity res-
olution of 0.1 km s−1 to fit the NH3 spectral lines. The intensity-
weighted mean velocity map (see Fig. 4 left panel) reveals that
the main group of hf components shows a velocity range from
4.5 to 8.4 km s−1. The dominant ridge of NH3 emission mostly
indicates velocities in excess of 7 km s−1. Only at its southern
edge and to the west of its northern edge velocities are smaller
(see also Fig. 4 of Friesen et al. 2016). Velocities in regions 5 and
6 can not be shown because the signal-to-noise (S/N) rations are
low. In these regions with weak NH3 (1,1) line emission we ob-
tain averaged radial velocities of 8.2± 0.8 and 7.1± 0.5 km s−1,
respectively, which is consistent with those encountered in the
regions with stronger emission.
From the FWHM line widths (moment 2) map (see Fig. 4
right panel) we can see that the small region with widest lines is
located in the northwest of Serpens South, while another small
spot with relatively high dispersion is encountered in the south.
Elsewhere rather low and also uniform intrinsic (for individual hf
components) dispersions (σ ∼ 0.5 km s−1) are present. Irregular
and larger dispersions are obtained in region 2 (see Fig. 1 for lo-
cation and extent of this region). However, this may be merely a
consequence of low S/N ratios. We study the FWHM line widths
of the NH3 (1,1) main lines with a peak line flux threshold of 5σ
as summarized in Fig. 5a. The line width refers to the individ-
ual hf components. Apparently the line width distribution of the
NH3 (1,1) gas has, in agreement with Friesen et al. (2016), an
outstanding peak around 0.5 km s−1 .
3.2. Dense clump identification
Based on the distribution of the integrated intensity of the
NH3 (1,1) line in Fig. 3, we use the Clumpfind2d algorithm
(Williams et al. 1994) to identify dense core clumps. First, the
root mean square of the integrated intensity map was derived
based on a background noise estimate of 0.04 K in a 0.2 km s−1
wide channel from regions with weak emission. Then the level
range from a threshold of 5 to 37σ was set with increments of
4σ (where σ is the rms noise level). 38 potential dense clumps
associated with the Aquila Rift were identified within the inte-
grated intensity map after eliminating a fake clump located at
the boundary of the map. In order to further confirm the au-
thenticity of the condensations identified by Clumpfind2d, we
also tried different parameter settings and found that the loca-
tion of the dense clumps remained the same and also that many
false structure results appeared when using a lower threshold of
≤ 3σ. Adopting the output from the Clumpfind2d algorithm, it
should be noted that the clumps identified around Aquila are
located mostly along the dominant NH3 ridge with some addi-
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Fig. 4. Para-NH3 (1,1) intensity-weighted mean velocity (moment 1, left) and FWHM line width (moment 2, right) maps. The reference position
is l= 28.59◦, b= 3.55◦. These intensity-weighted mean velocities and FWHM line widths referring to the individual hf components are derived
from the GILDAS built-in ‘NH3 (1,1)’ fitting method (Sect. 2.2). The considered velocity range is 4 <VLSR < 10 km s−1 for each panel. Contours
of integrated intensity start at 0.23 K km s−1 (5σ) on a main beam brightness temperature scale and go up in steps of 0.23 K km s−1.
tional sources further in the north and south (see Fig. 3). The
black stars in Fig. 3 (left panel) show the positions of the iden-
tified 38 clumps. Among these 38 clumps both NH3 (1,1) and
(2,2) emission lines are detected in 17 clumps. Observed param-
eters and calculated model parameters are given in Tables B.1 to
B.3. NH3 (1,1) and (2,2) spectral lines towards the 17 clumps are
shown in Fig. B.2. For the other 21 clumps NH3 (1,1) spectra are
shown in Fig. B.3. Clumps are closely associated with pre- and
protostellar cores. While all protostellar cores appear near the
clumps, the prestellar cores exhibit a more widespread distribu-
tion (see also Fig. B.1 and Sect. 3.1).
3.3. Kinetic temperature
The relative population of the K = 1 and 2 ladders of NH3 are
highly sensitive to collisional processes, since they are not di-
rectly connected radiatively. This allows us to use them as a
thermometer of the gas kinetic temperature. The rotation tem-
perature of NH3 (1,1) and (2,2) has been obtained by the method
described in Ho & Townes (1983), which is
Trot =
−41.5
ln
( −0.282
τm(1,1)
ln
(
1 − TMB(2,2)TMB(1,1)
(
1 − exp(−τm(1, 1))))) K, (1)
where τm is the peak optical depth of the (1,1) main group of
hf components derived using the GILDAS built-in ‘NH3 (1,1)’
fitting method. The main beam brightness temperatures TMB of
the (1,1) and (2,2) inversion transitions are derived using the
GILDAS built-in ‘GAUSS’ fitting. A histogram of the peak
optical depth of the (1,1) main group of hyperfine compo-
nents, τm(1, 1), for those positions with NH3 (1,1) signal-to-
noise ratios> 5σ is summarized in Fig. 5b. Obviously, the op-
tical depth distribution of the NH3 (1,1) gas peaks around 1.2.
The NH3 (1,1) main beam brightness temperatures (TMB < 2 K)
are higher than those of the NH3 (2,2) line (TMB < 0.5 K), so that
the NH3 (2,2) lines can be considered to be optically thin.
In the most prominent regions, where both the NH3 (1,1)
and (2,2) lines were detected, at levels of at least 5σ, the ro-
tational temperature lies between 8.6 to 25.3 K with an aver-
age of 13.4± 4.1 K (errors are standard deviations of the mean
throughout the article). The median and mean values are 11.8
and 13.4 K, respectively. The statistical distribution of Trot is
summarized in Fig. 5c and shows a typical value of about 10 K.
Following Tafalla et al. (2004) to connect rotational with ki-
netic temperatures, we used
Tkin =
Trot(1, 2)
1 − Trot(1,2)42 ln
(
1 + 1.1 exp
(
−16
Trot(1,2)
)) K, (2)
where the energy gap between the (1,1) and (2,2) states is
∆E12 = 42 K. Tafalla et al. (2004) ran different Monte Carlo mod-
els involving the NH3 (J,K) = (1,1), (2,1), and (2,2) inversion
doublets and an n(r) = n0/(1 + (r/ro)2.5) density distribution
to compare their observationally determined approximately con-
stant rotational temperatures with modeled kinetic temperatures
in dense quiescent molecular clouds. Eq. (2) is derived from fit-
ting Tkin in the range of 5 to 20 K, and most of our sources can
be found in this interval.
The kinetic temperatures of the dense gas in the Aquila Rift
complex obtained from NH3 (2,2)/(1,1) ratios wherever the (2,2)
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line has been detected at a> 5σ level range from 8.9 to 35.0 K
with an average of 15.3± 6.1 K. The median and mean values
are 12.7 and 15.3 K, respectively. The distribution of the NH3
kinetic temperatures is presented in Fig. 5d and shows a typical
value of about 12 K.
The gas kinetic temperatures derived from the
NH3(2,2)/(1,1) map are shown in Fig. 6, left panel. We
find that dense gas temperatures from para-NH3 in Serpens
South are predominantly cold ranging from 8.9 to 16.8 K with an
average of 12.3± 1.7 K, while W 40 at lower Galactic latitudes,
which represents a young stellar cluster associated with an H II
region, shows values from 17.7 to 35.0 K with an average of
25.1± 4.9 K (see Table 1 for the relevant areas representing
Serpens South and W 40). The kinetic temperatures in the dense
gas around W 40 and in the lower right part of our map are high
(∼25 K; see Fig. 6 left panel), which is twice higher than that
(∼12 K) in the low mass star formation region of Serpens South.
For those 21 clumps with only upper limits to the NH3 (2,2)
lines (see Sect. 3.2), resulting upper kinetic temperature limits
are . 10 K.
3.4. NH3 column density
The total para-NH3 column densities can be calculated from
NH3 (1,1), following Wienen et al. (2012)
Ntot ≈ N(1, 1)
(
1
3
exp
(
23.1
Trot(1, 2)
)
+ 1 +
5
3
exp
(
− 41.2
Trot(1, 2)
)
(3)
+
14
3
exp
(
− 99.4
Trot(1, 2)
) )
cm−2.
In many cases the NH3 (1,1) inversion lines are optically thick,
and the optical depth is determined by the GILDAS built-in
‘NH3 (1,1)’ fitting method (see Sect. 2.2). The column density
in the (1, 1) state is related to the optical depth τtot, according to
Mauersberger et al. (1986), by
N(1, 1) =
1.65 × 1014
ν
J(J + 1)
K2
∆v τtot Tex cm−2, (4)
where N is in cm−2, the FWHM line width ∆v is in km s−1, the
line frequency ν is in GHz, and the excitation temperature Tex is
in Kelvin. In the optically thick case, the excitation temperature
Tex is derived from the main beam brightness temperatures TMB
and the optical depth τ by
TMB = (Tex − 2.7 K)(1 − exp(−τ)) K. (5)
If τ 1, the main beam brightness temperature TMB is assumed
to be Tex τ.
We calculated the ortho-column densities using the ortho-
to para-NH3 abundance ratios as a function of Tkin in Fig. 3 of
Takano et al. (2002). We then added it to the para-column den-
sity to get the total (para + ortho) column densities of NH3 (see
Tables 2 and B.3).
The conversion between ortho- and para-NH3 is very slow
and may take as long as 106 yr (Cheung et al. 1969). As a result,
the excitation temperature between the ortho- and para-species,
the so-called spin temperature, is often believed to reflect the
formation temperature. Assuming thermalization in this sense,
the ortho- to para-NH3 ratios are close to unity at Tkin >∼ 30 K,
while they can reach values of four at Tkin ∼ 10 K (Takano et al.
2002). An even slightly higher range of uncertainty is introduced
by detailed models also introducing uncertainties in the poorly
known spin temperatures of H2 and NH+4 , which play an essen-
tial role in the formation of ammonia. Depending on the detailed
circumstances, Faure et al. (2013) find, rather independent of ki-
netic temperature for values below 30 K, ammonia ortho- to para
abundance ratios of ∼1.5 and even ∼0.7. We conclude that the
maximum error in our adopted thermalized ortho-to-para NH3
abundance ratios could be a factor of 4.9/0.7 = 7.0, representing
a case where we determine Tkin ∼ 8.9 K (our lowest kinetic tem-
perature), while the actual ortho- to para-abundance ratio is not
4.9 as expected in case of thermalization, but 0.7 (see Persson
et al. 2012). However, even in this worst case scenario our total
NH3 abundance would only be overestimated by half an order of
magnitude, i.e by 5.9/1.7 = 3.5. The higher the kinetic tempera-
ture, the smaller the uncertainty related to the ortho-NH3 column
density correction.
The observed NH3 spectra were analyzed in the way de-
scribed in Eqs. (1) to Eq. (5). In addition, detailed derivations of
these equations are give in the Appendix of Pandian et al. (2012)
and Levshakov et al. (2013). Furthermore, uncertainty estima-
tions of the NH3(1,1) and (2,2) spectra are given in Appendix C.
As can be seen in Fig. 6, central panel, we provide a to-
tal column density map of NH3 for those positions exhibit-
ing NH3(2,2) line detections and >5σ NH3 (1,1) features. The
Aquila clumps show a broad distribution of total-NH3 col-
umn densities from 0.2× 1014 to 6.4× 1015 cm−2 with an av-
erage of 2.1 (±1.6)× 1015 cm−2. The total-NH3 column den-
sity range is 0.3× 1014 to 6.4× 1015 cm−2 with an average of
2.6 (±1.4)×1015 cm−2 in Serpens South, while in W 40 total NH3
column densities vary from 0.2 to 7.6× 1014 cm−2 with an aver-
age of 2.6 (±2.1)× 1014 cm−2. The distribution of total column
densities of NH3 is presented as a histogram in Fig. 5e and has
an outstanding peak around 2.4× 1015 cm−2, due to our data from
Serpens South.
4. Discussion
4.1. Variation of NH3 abundance
Measurements of the NH3 abundance in different star-forming
regions have shown a large spread, e.g. 10−5 in dense molecular
"hot cores" around newly formed massive stars due to dust grain
evaporation (Mauersberger et al. 1987), 10−8 in quiescent dark
clouds (Benson & Myers 1983) and 10−9 in the Orion Bar Photon
Dominated Region (PDR; Batrla & Wilson 2003; Larsson et al.
2003) because it is extremely affected by a high UV flux. A few
times 10−10 in the Large Magellanic Cloud (LMC) and in M82
may characterize an environment with low metallicity and a high
UV radiation field (Weiß et al. 2001; Ott et al. 2010).
Our total-NH3 column densities N(NH3) are compared with
the column densities of H2 derived from the Herschel infrared
continuum data representing dust emission (André et al. 2010;
Könyves et al. 2015), for which we smoothed the data to our
beam size of 2′. The NH3 column densities are consistent with
studies reported towards other Gould Belt star-forming regions
(Friesen et al. 2017), where the logarithm of the para-NH3 col-
umn density (log N(para-NH3)) varies from 13.0 to 15.5.
The fractional total-NH3 abundance map (χ (total-
NH3) = (total-N (NH3))/N(H2)) is shown in Fig. 6, right
panel. The relative total NH3 abundances N(total-NH3)/N(H2)
range from 0.1× 10−8 to 2.1× 10−7 with an average of
6.9(±4.5)× 10−8, and the relative para-NH3 abundances N(para-
NH3)/N(H2) range from 0.1 to 4.3× 10−8 with an average of
1.8 (±0.9)× 10−8 in our entire observed region (see Fig. 5f).
Previous observations of NH3 in high-mass star-forming clumps
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Fig. 5. Histograms of physical parameters derived from NH3: (a) intrinsic FWHM line widths of individual NH3 (1,1) hyperfine structure compo-
nents with a peak line flux threshold of 5σ, (b) peak optical depths of the main group of hf components τm(1, 1) for those positions with NH3 (1,1)
signal-to-noise ratios> 5σ. These line widths and peak optical depths are derived from the GILDAS built-in ‘NH3 (1,1)’ fitting method. (c) ro-
tational temperature Trot, where both the NH3 (1,1) and (2,2) lines were detected, at levels of at least 5σ, (d) kinetic temperature Tkin, for those
positions with NH3 (2,2) line detections and> 5σ features, (e) para and total (para+ortho) column densities of NH3, for those positions exhibiting
NH3 (2,2) line detections and > 5σ features, assuming an ortho- to para-ratio in thermal equilibrium at the presently obtained kinetic tempera-
ture. (f) para-NH3 fractional abundance χ = [para-NH3]/[H2], and total-NH3 (para+ortho) fractional abundance χ = [total-NH3]/[H2], toward the
positions with NH3 (2,2) line detections and > 5σ features, again adopting ortho- to para NH3 ratios assuming thermal equilibrium.
suggest a median value of N(para-NH3)/N(H2) of 2.5× 10−8
(Urquhart et al. 2015). It addition, averaged N(para-NH3)/N(H2)
values of 1.2× 10−7, 4.6× 10−8, and 1.5× 10−8, were obtained
by Dunham et al. (2011), Wienen et al. (2012), and Merello
et al. (2019) in clumps of the Bolocam Galactic Plane Sur-
vey (BGPS), the APEX Telescope Large Area Survey of the
GALaxy (ATLASGAL), and the Hi-GAL survey, respectively.
Fractional abundances of ∼2–3× 10−8 were derived for proto-
stellar and starless cores in Perseus, Taurus-Auriga, and infrared
dark clouds (Tafalla et al. 2006; Foster et al. 2009; Chira et al.
2013).
The peak of our fractional para-NH3 abundance distribu-
tion lies slightly above the 10−8 range (see Fig. 5f). Friesen et
al. (2016) found a factor of several variation in the para-NH3
abundance across Serpens South, with the lowest detected abun-
dances, χ(para-NH3) ∼ 5× 10−9, and highest, ∼ 2× 10−8. We
find para-NH3 abundances from 0.1 to 4.3× 10−8 with an aver-
age of 2.2(±0.8)× 10−8 in the same region. We also find that Ser-
pens South shows total-NH3 fractional abundances ranging from
0.2× 10−8 to 2.1× 10−7 with an average of 8.6 (±3.8)× 10−8. In
W 40 the values are lower, between 0.1 and 4.3× 10−8 with an
average of 1.6 (±1.4)× 10−8, while we obtained fractional para-
NH3 abundances range from 0.1 to 1.9×10−8 with an average of
0.7(±0.5)× 10−8. These results imply that in W 40, toward the
positions with NH3(2,2) line detections and >5σ NH3(1,1) fea-
tures, total-NH3 abundances are a factor of ∼5 lower than in Ser-
pens South. Different stages of star formation apparently lead to
different fractional NH3 abundances. The lower total-NH3 frac-
tional abundance in W 40 compared to Serpens South is likely
due to the fact that W 40 is strongly affected by FUV photons
originating from the H II region. Ammonia is a particularly sen-
sitive molecular species with respect to this kind of radiation
(e.g., Weiß et al. 2001).
The total column densities of NH3, and its fractional abun-
dances, N(total-NH3)/N(H2), as a function of H2 column den-
sity and kinetic temperature Tkin(NH3) are shown in Fig. 7. The
total-NH3 column densities increase with H2 column densities
in Serpens South, while there is no clear functional relation
between total-NH3 column densities and H2 column densities
in W 40. However, in W 40, low N(total-NH3) values are only
found in case of low H2 column densities (see Fig. 7, left panel).
N(H2) varies from 0.9 to 2.7× 1022 cm−2 with an average of
1.7 (±0.5)× 1022 cm−2 in W 40. Serpens South is characterized
by N(H2) ranging from 0.9 to 6.3× 1022 cm−2 with an average of
3.2 (±1.4)× 1022 cm−2 (see Table 2). The total NH3 column den-
sities and fractional abundances show a trend inversely propor-
tional to kinetic temperature in Serpens South (see Fig. 7 middle,
right) and the entire surveyed region. However, no clear correla-
tion with kinetic temperature is seen in W 40 alone.
4.2. Comparison of gas and dust temperatures
A comparison of gas kinetic temperatures derived from para-
NH3 (2,2)/(1,1) against HiGal dust temperatures (Bontemps et
al. 2010) is shown in Fig. 8. The statistical distribution of Trot
shows a typical value of about 10 K. This is compatible with the
characteristic kinetic temperature of local quiescent molecular
gas, as indicated, for example, by Myers & Benson (1983) using
CO and by Myers & Benson (1983) analyzing ammonia observa-
tions. The gas kinetic temperatures in the Serpens South region
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Fig. 6. Maps of NH3 kinetic temperature in units of Kelvin (left), the logarithm of the total-NH3 column density in units of cm−2(middle), and
the corresponding logarithm of the fractional abundance (right). The reference position is l= 28.59◦, b= 3.55◦. Contours of integrated NH3 (1,1)
intensity are the same as in Fig. 4 and cover the velocity range 4 <VLSR < 10 km s−1. Contours start at 0.23 K km s−1 (5σ) on a main beam brightness
temperature scale and go up in steps of 0.23 K km s−1. Magenta stars show the locations of the OB association (OS1a, IRS1, IRS1a, IRS2, IRS2a,
IRS2b, IRS3, and IRS3a) in W 40.
are similar to other active star-forming regions found by Friesen
et al. (2017), such as Barnard 18 in Taurus (Tkin = 6∼ 14 K),
NGC 1333 in Perseus (Tkin = 8∼ 21 K), and L1688 in Ophi-
uchus (Tkin = 9∼ 25 K). The Orion A dense molecular cloud has
been measured in NH3 (1,1) and (2,2) with the GBT (Friesen
et al. 2017). The typical gas kinetic temperature obtained from
NH3 (2,2)/(1,1) is 20 – 30 K. Measured gas kinetic temperatures
are > 100 K in Orion KL, > 50 K in the Orion Bar, ∼ 50 K in
Orion South, 20 – 30 K in the north of Orion molecular cloud 1
(OMC-1) and > 50 K in the northeastern part of the OMC-1
region (see Fig. 5 of Tang et al. 2018a based on H2CO data).
The gas kinetic temperatures in the north of OMC-1 agree well
with our W 40 region. The dust temperatures of our sample
are obtained from spectral energy distribution (SED) fitting to
Herschel HiGal data at 70, 160, 250, 350, and 500 µm by André
et al. (2010) and Könyves et al. (2015). The dust temperatures
derived on Herschel scales of 36′′ are smoothed to our beam size
of 2′. In the region observed by us the dust temperatures range
from 11.9 to 23.6 K with an average of 14.8 ± 2.8 K. Overall,
the temperatures derived from para-NH3 (2,2)/(1,1) tend to show
higher temperatures than the HiGal dust temperatures.
Most of the clumps analyzed in this study lie in the optimal
range of precise Tkin determination when using NH3 (1,1) and
(2,2) lines (see Sects. 1 and 3.3). Fig. 8 indicates that there is a
large number of cold clumps with Tkin < 20 K. The gas and dust
are expected to be coupled at densities above about 104.5 or 105
cm−3 (Goldsmith 2001; Young et al. 2004). The temperatures
derived from dust and gas are often in agreement in the active
and dense clumps of Galactic disk clouds (Dunham et al. 2010;
Giannetti et al. 2013; Battersby et al. 2014; Merello et al. 2019).
This is also the case for Serpens South. Low gas temperatures
associate with Serpens South ranging from 8.9 to 16.8 K with an
average of 12.3± 1.7 K, which is consistent with the mean value
of 11± 1 K found by Friesen et al. (2016). The gas and dust tem-
peratures (mean and standard deviations Tgas,avg ∼ 12.3± 1.7 K
versus Tdust,avg ∼ 13.4± 0.9 K) scatter in Serpens South, but agree
reasonably well as can be most directly seen in the right panel of
Fig. 8 (blue points). In the high mass star formation region W 40,
however, we find that the measured gas kinetic temperatures are
higher than the dust temperatures (mean and standard deviations
Tgas,avg ∼ 25.1± 4.9 K versus Tdust,avg ∼ 19.1± 2.2 K), which indi-
cates that the gas and dust are not well–coupled in W 40 and that
the dust can cool more efficiently than the gas. This is consistent
with the relatively weak NH3 lines associated with the core re-
gion of W 40, indicating the presence of only small amounts of
dense gas. This illustrates that the interplay between gas and dust
cooling/heating is not uniform in the area covered by our obser-
vations. Such a difference between Tgas and Tdust is also seen in
other regions and appears to be an often encountered property
of massive star formation regions. Battersby et al. (2014) and
Koumpia et al. (2015) compare gas and dust temperatures in the
massive star forming infrared dark cloud G32.02+0.05 and the
high mass star forming PDR S140, respectively, and find similar
discrepancies between gas and dust temperatures. This likely in-
dicates a lack of coupling between the gas and dust (Battersby et
al. 2014) or could be due to the clouds being clumpy (Koumpia
et al. 2015). This may be potential mechanisms relevant to W 40,
where the gas temperature higher than the dust temperature.
4.3. Thermal and non-thermal motions
Previous observations of NH3 and H2CO in Galactic star-
forming regions (e.g.,Wouterloot et al. 1988; Molinari et al.
1996; Jijina et al. 1999; Wu et al. 2006; Urquhart et al. 2011,
2015; Wienen et al. 2012; Lu et al. 2014; Tang et al. 2017,
2018a,b) suggest that the line width is correlated with kinetic
temperature. It implies that the correlation between line width
Article number, page 8 of 21
Kadirya Tursun et al.: Ammonia observations towards the Aquila Rift cloud complex
Fig. 7. Column densities derived from total-N(NH3) for Serpens South (blue points) and W 40 (red points) vs. N(H2) column densities (left), total
column densities of N(NH3) vs. kinetic temperature (middle), and total fractional NH3 abundance, N(total-NH3)/N(H2), vs. kinetic temperature
Tkin(NH3) (right).
and kinetic temperature is due to the dissipation of turbulent en-
ergy.
Here we examine whether there is a relationship between tur-
bulence and temperature in our survey area. We computed ther-
mal velocity (vth), non-thermal velocity dispersion (σNT), and
thermal sound speed (cs). vth, σNT, and cs are defined in Ap-
pendix A of Levshakov et al. (2014). For vth we have
vth =
√
2kBTkin
m
km s−1, (6)
where kB is the Boltzmann constant and m is the mass of a parti-
cle. Tkin is the kinetic temperature of the gas. For NH3 , it is
vth = 0.03
√
Tkin km s−1. (7)
The thermal contribution to the observed line with vobs is related
to the so far discussed full width to half maximum (FWHM) line
width by (see Appendix C)
vobs = ∆v/2
√
ln 2 km s−1. (8)
The vobs can be divided into a thermal and a turbulent part by
vobs =
√
v2th + v
2
turb km s
−1, (9)
where ∆v is the FWHM line width of the NH3(1, 1) line, obtained
from the NH3(1, 1) fit in CLASS (see Sect. 2.2) and σNT is the
non-thermal velocity dispersion along the line of sight
σNT = vturb/
√
2 km s−1. (10)
This value can be compared with the thermal sound speed
cs =
√
kBTkin
µmH
km s−1. (11)
where µ = 2.37 is the mean molecular weight for molecular
clouds (Dewangan et al. 2016) and mH is the mass of the hydro-
gen atom. Comparisons of velocity dispersion and kinetic tem-
perature are shown in Fig. 9. The thermal velocity of NH3 (1,1)
for lines detected at a >5σ level ranges from 0.09 to 0.18 km s−1
with an average of 0.11± 0.02 km s−1. The non-thermal veloc-
ity dispersion of NH3 (1,1) ranges from 0.07 to 0.55 km s−1 with
an average of 0.34± 0.12 km s−1. The derived non-thermal mo-
tions of NH3 are much higher than the thermal line widths
of our survey area. This implies that the line broadening of
NH3 is dominated by non-thermal motions in these clumps. The
BGPS sources which contain both starless and active star form-
ing massive cores observed by Dunham et al. (2011) show an
average of thermal velocity and non-thermal velocity disper-
sion of 0.12± 0.02 km s−1 and 0.76± 0.48 km s−1, respectively.
Wienen et al. (2012) determined averages of 0.14± 0.02 km s−1
and 0.90± 0.40 km s−1 for thermal velocity and non-thermal ve-
locity dispersions in the cold high mass clumps of the ATLAS-
GAL survey. The average thermal velocity of our NH3 (1,1) data
agrees with previous results observed in massive star-forming
clumps (Dunham et al. 2011; Wienen et al. 2012), but the non-
thermal velocity dispersions are smaller than their values.
We also calculated the thermal to non-thermal pressure ra-
tio (RP=c2s /σ
2
NT; Lada et al. 2003) and Mach number (given as
M=σNT/cs). The sound speed ranges from 0.18 to 0.36 km s−1
with an average of 0.23± 0.04 km s−1. The thermal to non-
thermal pressure ratio in the gas traced by NH3 (1,1) ranges from
0.16 to 6.07 with an average of 0.67± 0.79. The BGPS sources
observed by Dunham et al. (2011) show the RP values vary from
0.02 to 5.06 with an average of 0.20± 0.33. NH3 samples ob-
served by Wienen et al. (2012) show values of 0.01–0.57 with
an average of 0.10± 0.06. Our average value of thermal to non-
thermal pressure ratio is higher than previous results observed by
(Dunham et al. 2011) and (Wienen et al. 2012). We find that the
Mach number for NH3 (1,1) ranges from 0.41 to 2.47 with an av-
erage of 1.49± 0.45. The BGPS sources observed by Dunham et
al. (2011) yield a mean Mach number of 3.2± 1.8. The average
value of the Mach number we derive from NH3 may also be be-
low the result (3.4± 1.1) of the various stages of high-mass star
formation clumps with strong NH3 emission from the ATLAS-
GAL survey (Wienen et al. 2012). Nevertheless, all this suggests
that non-thermal pressure and supersonic non-thermal motions
(e.g., turbulence, outflows, shocks, and/or magnetic fields) are
dominant in the dense gas traced by NH3 in the Aquila region.
The derived values of vth , σNT, cs, RP, and Mach number
for Serpens South and W 40 are listed separately in Table 2. We
have calculated average non-thermal line widths of NH3 (1,1) for
those positions with NH3 (1,1) >5σ features in the subsamples
consisting of Serpens South and W 40. For NH3 (1,1), the aver-
age non-thermal line widths σNT are with 0.32 ± 0.12 km s−1 and
0.41 ± 0.08 km s−1, respectively, quite similar. The average non-
thermal line widths of NH3 (1,1) calculated here are consistent
with those found in Serpens South by Friesen et al. (2016). They
suggested that much of the dense gas in Serpens South has sub-
sonic or trans-sonic non-thermal motions, while the mean σNT
across the region is similar to the expected ∼ 0.2 km s−1 sound
speed at 11 K.
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Fig. 8. Comparison of gas kinetic temperature derived from NH3 (2,2)/(1,1) ratios for Serpens South (blue points) and W 40 (red points) against
dust temperature. In the left panel, the black line indicates identical gas and dust temperature.
The similar non-thermal line widths between the W 40 re-
gion and Serpens South are surprising. Either the entire region
is already strongly affected by the consequences of massive star
formation (e.g., through outflows and shocks) based on activity
related to W 40 or the young low mass stars in Serpens South are
numerous enough to induce turbulent motions at a similar degree
as the more massive stars in W 40 that may have dissociated or
expelled most of the dense molecular gas in their vicinity. Fig-
ure. 9 shows that turbulent heating considerably contributes to
gas temperature in these clumps.
4.4. Radiative heating
Previous SCUBA-2 450 and 850 µm observations of the W 40
complex in the Serpens-Aquila region (Rumble et al. 2016) pro-
vide evidence for radiative heating. The W 40 complex repre-
sents a high-mass star-forming region dominated by an OB as-
sociation that is powering an H II region. OS1a is the most lumi-
nous star in the W 40 complex (Rumble et al. 2016), but heat-
ing by the associated nearby (D≤ 0.1 pc) sources IRS1, IRS1a,
IRS2, IRS2a, IRS2b, IRS3, and IRS3a (their positions are indi-
cated in Fig. 6) is also likely playing a role.
We investigate the relationship between gas kinetic temper-
ature and projected distance R from the central part of W 40
(OS1a, l= 28.79◦, b= 3.49◦) in Fig. 10. As is shown in the figure
and as it was already mentioned before (Sect. 4.2), dust tempera-
tures are lower than gas temperatures derived from NH3 in W 40.
It is expected that the gas temperature and distance re-
lation from the Stefan-Boltzmann blackbody radiation law is
Tkin = 100× ( 7.4×10−5R )
1
2 ( LL )
1
4 K, adopting a molecular cloud dis-
tance of 436 pc (Ortiz-León et al. 2017, 2018) and assuming that
OS1a is the dominant source with an approximate luminosity of
105.25 L (Kuhn et al. 2010; Wiseman & Ho 1998). For the emis-
sivity of the dust grains smaller than the wavelength at the char-
acteristic blackbody temperature, the radiation law is adjusted to
Tkin = 100× ( 1.2×10−4R )
2
5 ( LL )
1
5 K (Wiseman & Ho 1998).
The two radiation models for gas heating (Stefan-Boltzmann
blackbody radiation and its modification related to dust emissiv-
ity) are both not well supported by our para-NH3 data (Fig. 10)
that exclude positions related to Serpens South. Contrary to our
expectation, temperatures near ∼18′ (∼2 pc) offsets appear to be
slightly higher than those at ∼5′ offsets. This holds for tempera-
tures derived by both the gas and dust and is not in agreement
with the declining dust temperatures found by Rumble et al.
(2016), their Fig. 15 as a function of distance from the main
stellar source of W 40. For NH3 this may imply that the dense
molecular gas in the vicinity of W 40 has been destroyed by UV
radiation (Sect. 4.1) and that the projected angular distances in
Fig. 10 may be significantly below the real distances. In any case,
dust grain mantle evaporation as seen in hot cores (e.g. in Orion-
KL) and leading to very high ammonia column densities is not
seen. W 40 might have gone through such a phase of evolution,
but UV photons may have destroyed its short-lived chemical
consequences (for models, see e.g., Charnley et al. 1992) in the
meantime. As discussed in Sect. 4.1, Serpens South shows a frac-
tional total-NH3 abundance with an average of 8.6 (±3.8)× 10−8.
In W 40, values are lower 1.6 (±1.4)× 10−8, which is a factor of
∼5 below the result from Serpens South.
The nature of the molecular ridge, not very pronounced in the
dust continuum maps of Fig. 1 but dominating the maps of NH3
emission in Figs. 3, 4, and 6 is still poorly defined. It could repre-
sent a PDR similar to the Orion bar northwest of the Trapezium
stars (Tang et al. 2018a). Or it could represent swept up material
near the edge of an expanding H II region. Since radial veloci-
ties (see Fig. 4) do not hint at a significant difference between
W 40 and Serpens South, such material would have been swept
up mostly along the plane of the sky. Additional molecular sur-
veys addressing the detailed chemistry of this region could shed
more light onto this puzzle.
4.5. Kinematics of the dense gas
To study the velocity pattern of our observed area in more de-
tail we fitted the velocities of the entire measured region, Ser-
pens South, and W 40. There may be weak velocity gradients
that run along the entire observed region, Serpens South, and
W 40 (see left panel of Fig. 4). Following the steps of Good-
man et al. (1993) and Wu et al. (2018), we fitted the velocity
adopting a linear form: VLSR = v0 + a × ∆l + b × ∆b, where v0
is the systemic velocity of the cloud, ∆l and ∆b are offsets in
Galactic longitude and Galactic latitude. The velocity gradient
can be derived as ∇v = (a2 + b2)0.5/D, where distance D = 436
pc (Sect. 1). This distance was used for all spectra with peak line
Article number, page 10 of 21
Kadirya Tursun et al.: Ammonia observations towards the Aquila Rift cloud complex
Fig. 9. Non-thermal velocity dispersion (σNT) vs. gas kinetic temper-
ature derived from para-NH3 (1,1) for Serpens South (blue points) and
W 40 (red points). The total dispersion of individual hyperfine structure
(hfs) components are derived from the GILDAS built-in ‘NH3(1, 1)’
fitting method for the (1,1) line. The black lines represent the thermal
sound speed.
fluxes larger than 5σ. This linear velocities fitting is based on a
solid body approximations for Serpens South and W 40, Serpens
South alone, and W 40 alone (see Table 1 for the adopted ex-
tent of those regions). The derived gradients are then 0.16± 0.01,
0.27± 0.01, and 0.38± 0.01 km s−1 pc−1 for the observed region
shown in Fig. D.1, Serpens South, and W 40, respectively.
To check the assumption of solid body rotation we study
the fitted velocity and velocity residuals (Vobs −Vfit) in Ap-
pendix D for the region encompassing both Serpens South and
W 40. The black solid polyline indicates a potential rotation axis
(0.019∆l + 0.007∆b − 0.328 = 0, in arcmin) in the fitted ve-
locity map of the entire observed region (Fig. D.1 left panel),
and three black parallel lines perpendicular to this rotation axis
show the direction of the velocity gradient. Velocities tend to be
lower in the lower right of the left panel of Fig. D.1. For Ser-
pens South alone (see Table 1 for the extent of the region), the
rotation axis is 0.03∆l − 0.01∆b − 0.12 = 0, and for W 40, it is
0.04∆l − 0.03∆b − 0.88 = 0, in arcmin. From Fig. D.1, we can
see that most of the velocity residuals are distributed in the range
Vobs – Vfit = –1 to 1 km s−1 which is even more clearly shown in
Fig. D.2. To be specific, 90% of the velocity residuals of the ob-
served region shown in Fig. D.1, Serpens South, and W 40 are in
the range Vobs − Vfit < 0.65, 0.56, and 0.79 km s−1, respectively.
Larger velocity residuals are mainly located, in terms of Galac-
tic coordinates, at the western and northeastern part of Serpens
South and the southern part of W 40.
A maximum velocity gradient of 0.38± 0.01 km s−1 pc−1 for
W 40 can be considered as an upper limit for an estimate of the
rotational energy. Taking Serpens South and W 40 as a rigidly
rotating cylinder, the ratio of rotational to gravitational energy is
given (Bonnell et al. 1992; Wu et al. 2018) by
β =
Erot
Egrav
=
1
2
ML2
12
(1 +
3
2x2
)ω2/
3
2
GM2
L
f (x) ≈ ω
2
4piGρ
L2
9R2
,
(12)
where G is the gravitational constant and ρ, L, R, and ω are the
density, height, radius, and the angular velocity of the cylinder.
This can be simplified to
β =
3.0 × 10−3ω2−14
n4
L2
9R2
, (13)
where, ω−14 is the angular velocity in units of 10−14s−1 and the
gas density n4 is in units of 104 cm−3 (Levshakov et al. 2013).
For the entire observed region, Serpens South, and W 40, we
adopt angular velocities, which are equal to the velocity gradi-
ents calculated before, 0.51, 0.88, and 1.23 × 10−14s−1 and an
average density of the molecular Aquila complex of 104 cm−3
(Levshakov et al. 2013). Then β . 0.003, 0.01, and 0.02, re-
spectively. It is clear that in the entire observed region, Serpens
South, and W 40, rotation is presently playing a negligible role.
The rotational energy is a very small fraction of the gravitational
energy.
Ortiz-León et al. (2017, 2018) obtained with parallax mea-
surements using the Very Large Baseline Array (VLBA) dis-
tances slightly in excess of 400 pc for both Serpens South and
the W 40 region, which show (see Figs. 1, 3, B.1) together an
arc-like morphology. However, including the weaker region 5
(Fig. 1) and the high and low Galactic latitude regions of region
4 (again Fig. 1), we encounter a ring-like morphology, possibly
forming a shell of gas. The basic question is whether the weakly
emitting high Galactic longitude part of this ring is located at
a similar distance to that obtained by Ortiz-León et al. (2017,
2018). While this remains an open question, we note that this
high longitude part of the putative shell shows about the same
radial velocities as Serpens South and W 40 (Sect. 3.1). With re-
spect to any Galactic kinematical model, clouds with similar ra-
dial velocity, being not more than one degree apart, should be
located at similar distances.
While we cannot prove that similar kinematic distances cor-
respond in our case to a physical connection, it is neverthe-
less worthwhile to analyse the observed structure with this as-
sumption, noting that a similar morphology is also seen in 13CO
(which likely traces lower density gas than NH3) in Fig. 10 of Su
et al. (2020) and in the H2 column density map of Könyves et
al. (2010). The ring-like large scale morphology of both the dust
(Fig. 1) and the 13CO and NH3 emitting gas (Fig. 15 of Su et al.
2019 and our Figs. 3 and B.1) is reminiscent of an expanding
interstellar bubble with large amounts of dense gas on one and
lesser amounts of such gas on the other side.
Since velocities in regions 1 and 5 (see Fig. 1) are similar
(Sect. 3.1), they might represent those parts of the putative shell,
which are expanding parallel to the plane of the sky. Then, how-
ever, velocities inside the rim of this structure should be differ-
ent, more redshifted on the back and more blueshifted on the
front side. For all three rotation axes crossing the low Galac-
tic longitude side of the shell-like structure, lower velocities and
blueshifted areas are located at lower, while higher velocities and
redshifted areas are located at higher Galactic longitudes. This is
compatible with a radial motion of the entire shell-like structure.
It would indicate slow expansion, if the gas at higher longitudes
forms a part of the back side of the shell, or slow contraction, if
the gas is part of the front side of the shell. The velocity differ-
ence is about 0.7 km s−1.
For the kinematic age of the putative expanding shell we ob-
tain with
t =
√
(rx × ry) / vexp , (14)
rx and ry ∼ 3.5 pc, and vexp = 0.7 km s−1 a time scale of several
million years. We note, however, that the 0.7 km s−1 are for this
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Table 2. Parameters obtained from Serpens South and W 40.
Parameter Serpens South W 40 (H II region)
Range Mean Range Mean
total-N(NH3)/1015 cm−2 0.03–6.4 2.6 ± 1.4 0.02–0.8 0.3 ± 0.2
aN(H2)/1022 cm−2 0.9–6.3 3.2 ± 1.4 0.9–2.7 1.7 ± 0.5
χ(total-NH3)/10−8 0.2–21.2 8.6 ± 3.8 0.1–4.3 1.6 ± 1.4
Tgas/K 8.9–16.8 12.3 ± 1.7 17.7–35.5 25.1 ± 4.9
bTdust/K 11.9–15.5 13.4 ± 0.9 16.8–23.6 19.1 ± 2.2
vth/ km s−1 0.09–0.12 0.10 ± 0.01 0.13–0.18 0.15 ± 0.01
σNT/ km s−1 0.07–0.54 0.32 ± 0.12 0.23–0.55 0.41 ± 0.08
cs/ km s−1 0.18–0.25 0.21 ± 0.01 0.25–0.36 0.29 ± 0.03
RP 0.16–6.07 0.70 ± 0.90 0.31–1.43 0.57 ± 0.27
M 0.41–2.47 1.51 ± 0.50 0.83–1.78 1.39 ± 0.23
Notes. aMolecular hydrogen column densities and bdust temperatures are taken from Bontemps et al. (2010) and Könyves et al. (2015). The errors
shown are the standard deviations of the mean. For the areas adopted for Serpens South and W 40, see Table 1.
Fig. 10. Gas kinetic temperature derived from para-NH3 (black points)
and dust temperature (red points) along the W 40 region (projected dis-
tance from its main stellar source OS1a, l= 28.79◦, b= 3.49◦). The blue
and green lines are the expected relationships from a Stefan-Boltzmann
law and modified Stefan-Boltzmann law (see Sect. 4.4), respectively,
assuming OS1a is the dominant source with an approximate luminosity
of 105.25 L (Kuhn et al. 2010; Rumble et al. 2016).
approach only a lower limit: (1) We do not see gas along the
center of the putative shell, where the discrepancy in velocity
relative to its rim should be largest; (2) the expansion of the gas
may have significantly slowed down due to entrainment of am-
bient gas originally not participating in this expansion.
In this context it may be worth noting that the center of the
putative shell is not known to host a supernova remnant (W.
Reich, prov. comm.). More sensitive data, in particular from
the high Galactic longitude parts of the ring-like structure (see
Figs. 1 and 3) would be helpful to further investigate related sce-
narios.
5. Summary
We have mapped the western part of the Aquila Rift cloud com-
plex in the NH3 (1,1) and (2,2) transitions, which includes the
densest regions of Serpens South and W 40. The main results of
this work are the following:
1. The NH3 morphology, revealing the distribution of the
dense gas (n(H2)& 10−3 cm−3), is correlated with that of the
Herschel infrared dust emission and shows an overall sim-
ilar structure with two exceptions: There is, in Galactic co-
ordinates, the well known NE-SW ridge of dense gas, the
core of the Serpens South region, that is much more domi-
nant in NH3 than in the dust emission. W 40 dominates the
dust emission but is much less pronounced in NH3. The ridge
with strong NH3 (1,1) emission contains several cores along
a total length of about 15′. Weaker emission extends further
to lower and higher Galactic latitudes and toward regions at
larger longitudes. Overall, the NH3 distribution forms like
the dust a circle with a diameter of 50′ – 60′ (∼ 7 pc), with
comparatively strong emission at low and weak emission at
high longitudes.
2. The kinetic temperature of the dense gas in the Aquila
rift cloud complex measured by NH3 (2,2)/(1,1) line ratios
ranges from 8.9 to 35.0 K with an average of 15.3± 6.1 K.
The high mass star-forming region of W 40 has a gas kinetic
temperature ∼25 K, which is twice that (∼12 K) in the low
mass star formation region of Serpens South.
3. Fractional abundances of total-NH3 vary from 0.1× 10−8
to 2.1× 10−7 with an average of 6.9 (±4.5)× 10−8. Ser-
pens South has total NH3 fractional abundances also rang-
ing from 0.2× 10−8 to 2.1× 10−7 with an average of
8.6 (±3.8)× 10−8. Lower values of 0.1 – 4.3× 10−8 with an
average of 1.6 (±1.4)× 10−8 characterize W 40, which is a
factor of ∼5 below the result from Serpens South.
4. A comparison of kinetic temperatures derived from NH3 and
dust emission indicates that gas and dust temperatures are in
agreement in Serpens South, but gas temperatures are higher
than those of the dust in W 40. This suggests that gas and
dust are coupled in Serpens South, but not in W 40.
5. Dense gas traced by NH3 is significantly influenced by su-
personic non-thermal motions. Similar levels of non-thermal
turbulence are encountered in W 40 and Serpens South. This
may either be caused by the fact that the entire region is al-
ready strongly affected by the consequences of massive star
formation based on activity related to W 40 or that a simi-
lar amount of turbulence is triggered by the large number of
forming low mass stars in Serpens South. W 40 appears to
have dissociated or expelled most dense molecular gas in its
vicinity.
6. The non-thermal velocity dispersion of NH3 (1,1) is posi-
tively correlated with the gas temperature, which indicates
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that the dense gas may be heated by dissipation of turbulent
energy.
7. Velocity gradients of 0.16± 0.01, 0.27± 0.01, and
0.38± 0.01 km s−1 pc−1 appear to be present in the ob-
served region shown in Fig. D.1, Serpens South alone, and
W 40 alone, respectively. The rotational and gravitational
energy of the Aquila region are compared by using those
velocity gradients. For the entire observed region, Serpens
South, and W 40, ratios are about β . 0.003, 0.01, and 0.02,
respectively. This demonstrates that the rotational energy is
a negligible fraction of the gravitational energy.
8. The morphology of the entire studied region can be described
by a ring or shell with a diameter of about 7 pc and strong
emission at lower and weak emission at higher Galactic lon-
gitudes. However, this only holds in a physical sense, if all
parts are located at approximately the same distance. This is
presently only known for the lower Galactic longitude part
with its strong emission. While we find velocity gradients in
radial direction at the low longitude side of the putative shell,
it is therefore not yet clear whether this indicates a system-
atic expansion (or contraction) of the entire structure.
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Appendix A: Calibration stability
The system temperature was calibrated against a signal injected
by a noise diode. Hot (ambient temperature) and cold (liquid
nitrogen) loads determine the temperature of the noise diode.
We observed the reference position (RA: 00:36:47.51, DEC:
+63:29:02.1 with (0,0) offset, J2000) to check the calibration sta-
bility every 2-3 hours. All reference position observations were
made in the OTF mode of a small area of 6′ × 6′. To present the
peak distribution against elevation (Fig. A.1), we regridded the
data and then fitted the NH3 (1,1) main lines (the central group
of NH3 (1,1) hyperfine components). From Fig. A.1, we clearly
see that there is no significant systematic variation. The standard
deviations of the mean of the peak intensities is about 10%, thus
the observational system of the Nanshan observatory is stable.
To further check our calibration stability, the NH3 (1,1) data
of G035.39-0.33 observed by the GBT (Sokolov et al. 2017)
were used as a comparision with our NH3 data. For the pro-
cess, the GBT data were smoothed to our beam size using the
‘XY_MAP’ routine in GILDAS. In Fig. A.2, the GBT spectrum
(black) and our spectrum (red) of the reference position (RA:
18:57:07.94, DEC: 02:10:51.40, J2000) are displayed. It is ob-
vious that the two spectra match each other well and that the
checking results are reliable.
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Fig. A.1. Uncorrected NH3 (1,1) main line intensities against elevation
of repeated observations toward the reference position. The position
corresponds to RA: 00:36:47.51, DEC: +63:29:02.1 (J2000). The stan-
dard deviations of the mean of the flux is about 10%.
Table A.1. Area name, central position, average noise level and covered
size of the mapped regions (see also Fig. 1).
Area Name Central position Area Noise level
(l, b) degree × degree K
1 (28.59◦, 3.55◦) 0.7 × 1.1 0.05
2 (28.75◦, 4.30◦) 0.4 × 0.4 0.03
3 (28.39◦, 2.81◦) 0.5 × 0.4 0.04
4 (29.19◦, 3.79◦) 0.5 × 1.4 0.04
5 (29.55◦, 3.54◦) 0.2 × 1.1 0.05
6 (28.87◦, 4.65◦) 0.6 × 0.3 0.05
Fig. A.2. The NH3 (1,1) spectra from the GBT (black) and our data
(red) toward the reference position RA: 18:57:07.94, DEC: 02:10:51.40
(J2000).
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Appendix B: Prestellar and protostellar cores and NH3 spectra toward the Aquila Rift cloud complex and
derived physical parameters
In this Appendix we present prestellar and protostellar cores taken from Könyves et al. (2015) (see Fig. B.1), and show the NH3
spectra for the 38 Clumps identified with Clumpfind2d in Sect. 3.2. The observed spectra of the NH3 (1,1) and (2,2) transitions
detected toward their peak positions are shown in Figs. B.2 and B.3. Measured physical parameters are listed in Tables B.1 to B.3.
Fig. B.1. Integrated intensity maps of NH3 (1,1) (left and right), the reference position is l= 28.59◦, b= 3.55◦. The integration range is
4 <VLSR < 10 km s−1. Contours start at 0.13 K km s−1 (3σ) on a main beam brightness temperature scale and go up in steps of 0.13 K km s−1.
The unit of the color bars is K km s−1. The half-power beam width is illustrated as a black filled circle in the lower left corners of the images. In
the left and right panel the red points show the positions of the 362 candidate prestellar cores and 49 protostellar cores taken from Könyves et al.
(2015), respectively. The red line in the top right of each map illustrates the 1 pc scale at a distance of 436 pc (Ortiz-León et al. 2017, 2018).
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Fig. B.2. NH3 (1,1) and (2,2) spectra towards clumps 01 to 17. Green colour indicates the NH3 (1,1) fitting and Gaussian fitting of the NH3 (2,2)
lines (see Sect. 2.2). The central position of this area is at (l, b)= (28.59◦, 3.55◦). Offsets in Galactic coordinates (unit: arcmin) are shown in the
top right corner of each NH3 (1,1) panel.
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Fig. B.3. NH3 (1,1) spectra towards clumps 18 to 38. Green colour indicates the NH3 (1,1) fitting of the NH3 (1,1) lines. The central position of
this area is at (l, b)= (28.59◦, 3.55◦). Offsets in Galactic coordinates (unit: arcmin) are shown in the top right corner of each NH3 (1,1) panel.
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Table B.1. Observed parameters of the NH3 (1,1) emission lines detected in the 38 identified clumps (see Sect. 3.2).
Clump Offset
∫
TMBdv VLSR ∆v TMB τ Tex
(′, ′) K km s−1 km s−1 km s−1 K K
01 (-17, -41) 0.55(0.11) 6.21(0.02) 0.34(0.05) 0.21(0.03) 1.50(0.83) 3.0(0.1)
02 (1, -19) 0.45(0.03) 7.24(0.03) 1.04(0.07) 0.40(0.04) 0.10(0.14) ...
03 (9, 0) 0.61(0.06) 4.98(0.02) 1.01(0.05) 0.41(0.04) 0.68(0.26) 3.7(0.1)
04 (30, -12) 0.88(0.07) 7.19(0.01) 0.71(0.04) 0.48(0.03) 1.15(0.25) 3.4(0.1)
05 (22, -11) 0.26(0.02) 7.04(0.04) 1.22(0.09) 0.24(0.03) 0.10(0.21) ...
06 (17, -8) 0.29(0.03) 6.89(0.05) 1.32(0.14) 0.28(0.05) 0.10(0.20) ...
07 (1, 11) 2.15(0.09) 6.71(0.01) 0.65(0.02) 0.83(0.05) 2.29(0.19) 3.7(0.1)
08 (0, 14) 2.03(0.11) 7.35(0.01) 0.63(0.03) 0.86(0.07) 1.84(0.19) 3.7(0.1)
09 (4, 16) 2.98(0.06) 7.36(0.01) 1.18(0.01) 1.46(0.04) 1.71(0.07) 4.5(0.1)
10 (6, 18) 2.86(0.09) 7.46(0.01) 0.81(0.02) 1.02(0.03) 2.66(0.15) 3.8(0.1)
11 (9, 22) 2.49(0.09) 7.29(0.01) 0.69(0.02) 1.08(0.03) 1.87(0.14) 4.0(0.1)
12 (12, 26) 1.85(0.20) 7.38(0.01) 0.52(0.02) 1.46(0.06) 3.26(0.23) 4.3(0.1)
13 (13, 35) 0.86(0.09) 6.84(0.01) 0.57(0.06) 0.38(0.06) 1.47(0.30) 3.2(0.1)
14 (21, 34) 1.59(0.09) 7.86(0.01) 0.36(0.01) 0.54(0.05) 2.09(0.25) 3.4(0.1)
15 (23, 37) 0.94(0.09) 7.81(0.02) 0.72(0.06) 0.37(0.06) 2.19(0.36) 3.1(0.1)
16 (19, 41) 1.83(0.09) 7.36(0.01) 0.56(0.02) 0.67(0.03) 2.38(0.20) 3.5(0.1)
17 (25, 45) 2.08(0.08) 7.69(0.01) 0.72(0.02) 0.80(0.05) 2.36(0.16) 3.6(0.1)
18 (16, 39) 0.91(0.05) 6.64(0.01) 0.81(0.03) 0.49(0.06) 1.20(0.16) 3.4(0.1)
19 (27, 42) 1.30(0.09) 7.65(0.01) 0.64(0.03) 0.49(0.03) 2.26(0.26) 3.3(0.1)
20 (26, 31) 1.81(0.09) 8.16(0.01) 0.42(0.01) 0.67(0.05) 2.12(0.25) 3.5(0.1)
21 (28, 28) 1.33(0.09) 8.13(0.01) 0.54(0.02) 0.64(0.03) 1.46(0.24) 3.6(0.1)
22 (32, 26) 1.09(0.11) 8.08(0.01) 0.38(0.03) 0.37(0.03) 2.27(0.47) 3.2(0.1)
23 (28, 23) 1.32(0.13) 7.96(0.01) 0.33(0.02) 0.39(0.04) 2.47(0.51) 3.2(0.1)
24 (16, 31) 0.81(0.15) 7.56(0.03) 0.68(0.09) 0.39(0.05) 1.69(0.69) 3.2(0.1)
25 (17, 28) 1.05(0.20) 7.46(0.03) 0.52(0.08) 0.39(0.05) 2.33(0.84) 3.2(0.1)
26 (8, 29) 0.53(0.06) 6.91(0.03) 1.11(0.08) 0.36(0.05) 0.83(0.32) 3.4(0.1)
27 (17, 23) 0.64(0.12) 7.29(0.03) 0.83(0.10) 0.39(0.05) 0.89(0.54) 3.4(0.2)
28 (15, 18) 1.81(0.21) 6.79(0.02) 0.59(0.05) 0.53(0.07) 3.39(0.59) 3.3(0.1)
29 (12, 14) 0.67(0.13) 7.43(0.04) 0.89(0.10) 0.42(0.06) 0.83(0.55) 3.5(0.2)
30 (-5, 26) 0.48(0.08) 6.21(0.03) 0.93(0.10) 0.31(0.03) 0.82(0.48) 3.3(0.1)
31 (-7, 15) 1.29(0.10) 7.59(0.01) 0.41(0.02) 0.48(0.04) 2.03(0.35) 3.3(0.1)
32 (-2, 11) 0.29(0.02) 6.59(0.03) 1.08(0.08) 0.25(0.05) 0.10(0.05) ...
33 (17, 9) 0.95(0.13) 7.95(0.02) 0.77(0.08) 0.55(0.05) 1.09(0.39) 3.6(0.1)
34 (6, 6) 0.38(0.07) 7.07(0.03) 0.54(0.14) 0.27(0.06) 0.10(0.38) ...
35 (5, -1) 0.56(0.05) 6.13(0.02) 1.05(0.06) 0.34(0.04) 1.04(0.28) 3.3(0.1)
36 (28, -4) 1.19(0.14) 7.67(0.01) 0.46(0.04) 0.32(0.02) 3.67(0.63) 3.1(0.1)
37 (14, -16) 1.07(0.13) 7.12(0.02) 0.49(0.04) 0.40(0.03) 2.09(0.54) 3.2(0.1)
38 (3, -11) 0.28(0.04) 6.37(0.04) 1.47(0.10) 0.22(0.03) 0.42(0.32) 3.4(0.1)
Notes. The central position is (l, b)= (28.59◦, 3.55◦). Offsets are given in Galactic coordinates. The errors shown in parentheses are fitting un-
certainties. In cases where no excitation temperature is given, the NH3 (1,1) line is optically thin and does not allow for a determination of this
parameter.
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Table B.2. Observed parameters of the NH3 (2,2) emission lines detected in 17 of the 38 NH3 (1,1) clumps (see Sect. 3.2).
Clump Offset
∫
TMBdv VLSR ∆v TMB
(′, ′) K km s−1 km s−1 km s−1 K
01 (-17, -41) 0.07(0.02) 6.19(0.15) 1.17(0.29) 0.06(0.03)
02 (1, -19) 0.17(0.02) 7.21(0.07) 0.99(0.14) 0.16(0.04)
03 (9, 0) 0.26(0.02) 5.024(0.05) 1.23(0.11) 0.20(0.04)
04 (30, -12) 0.07(0.01) 7.15(0.04) 0.49(0.10) 0.13(0.04)
05 (22, -11) 0.02(0.01) 10.41(0.08) 0.28(0.12) 0.05(0.01)
06 (17, -8) 0.24(0.03) 6.85(0.07) 1.15(0.19) 0.19(0.04)
07 (1, 11) 0.15(0.02) 6.68(0.04) 0.75(0.11) 0.19(0.03)
08 (0, 14) 0.19(0.03) 7.13(0.12) 1.82(0.25) 0.10(0.05)
09 (4, 16) 0.70(0.03) 7.38(0.03) 1.57(0.07) 0.42(0.05)
10 (6, 18) 0.23(0.03) 7.43(0.07) 1.36(0.25) 0.16(0.04)
11 (9, 22) 0.13(0.02) 7.25(0.07) 0.99(0.14) 0.13(0.03)
12 (12, 26) 0.22 (0.03) 7.35(0.05) 0.79(0.13) 0.26(0.04)
13 (13, 35) 0.04(0.01) 6.84(0.03) 0.33(0.07) 0.11(0.01)
14 (21, 34) 0.15(0.03) 7.26(0.32) 0.23(0.09) 0.04(0.03)
15 (23, 37) 0.07(0.01) 7.69(0.08) 0.70(0.16) 0.09(0.04)
16 (19, 41) 0.09(0.01) 7.42(0.04) 0.63(0.10) 0.14(0.02)
17 (25, 45) 0.15(0.02) 7.54(0.07) 1.21(0.17) 0.12(0.03)
Notes. The central position is (l, b)= (28.59◦, 3.55◦). Offsets are given in Galactic coordinates. Parameters are derived from Gassian fits to the
spectra.
Table B.3. Calculated model parameter of NH3 (1,1) and NH3 (2,2) emission lines detected in seventeen clumps.
Clump Offset Trot Tkin N(1, 1) total-N(NH3)a N(H2)b χ(total-NH3)
(′, ′) K K cm−2 cm−2 cm−2
01 (-17, -41) 13.6 ± 2.9 14.9 ± 3.8 0.4 × 1014 3.8 × 1014 0.9 × 1022 4.3 × 10−8
02 (1, -19) 18.3 ± 2.4 22.5 ± 3.9 0.1 × 1014 0.3 × 1014 1.4 × 1022 0.2 × 10−8
03 (9, 0) 19.1 ± 2.1 23.2 ± 3.5 0.7 × 1014 3.6 × 1014 2.5 × 1022 1.4 × 10−8
04 (30, -12) 13.9 ± 1.6 15.5 ± 2.1 0.8 × 1014 6.5 × 1014 2.1 × 1022 3.1 × 10−8
05 (22, -11) 14.8 ± 1.2 16.8 ± 1.7 0.4 × 1013 0.3 × 1014 1.8 × 1022 0.2 × 10−8
06 (17, -8) 25.2 ± 4.3 34.9 ± 9.2 0.5 × 1013 0.2 × 1014 1.9 × 1022 0.1 × 10−8
07 (1, 11) 11.7 ± 0.6 12.5 ± 0.8 1.5 × 1014 1.9 × 1015 3.2 × 1022 5.9 × 10−8
08 (0, 14) 10.1 ± 1.2 10.6 ± 1.4 1.2 × 1014 2.3 × 1015 2.7 × 1022 8.9 × 10−8
09 (4, 16) 13.3 ± 0.6 14.6 ± 0.8 2.6 × 1014 2.3 × 1015 6.3 × 1022 3.7 × 10−8
10 (6, 18) 10.2 ± 0.7 10.7 ± 0.8 2.3 × 1014 4.3 × 1015 5.2 × 1022 8.3 × 10−8
11 (9, 22) 9.9 ± 0.6 10.5 ± 0.7 1.5 × 1014 2.9 × 1015 2.9 × 1022 9.9 × 10−8
12 (12, 26) 10.1 ± 0.4 10.6 ± 0.5 1.9 × 1014 3.8 × 1015 3.6 × 1022 1.1 × 10−7
13 (13, 35) 13.8 ± 0.9 15.2 ± 1.3 0.8 × 1014 6.4 × 1014 1.6 × 1022 4.1 × 10−8
14 (21, 34) 8.6 ± 1.6 8.9 ± 1.9 0.7 × 1014 2.5 × 1015 1.2 × 1022 2.1 × 10−7
15 (23, 37) 12.1 ± 1.9 13.0 ± 2.5 1.4 × 1014 1.6 × 1015 1.3 × 1022 1.2 × 10−7
16 (19, 41) 11.2 ± 0.4 11.9 ± 0.5 1.3 × 1014 1.8 × 1015 2.1 × 1022 8.5 × 10−8
17 (25, 45) 10.2 ± 0.7 10.7 ± 0.9 1.7 × 1014 3.2 × 1015 2.7 × 1022 1.2 × 10−7
Notes. aTotal(para+ortho) column densities of NH3, see Sect. 3.4. bH2 column densities are taken from Bontemps et al. (2010) and Könyves et al.
(2015). The central position is (l, b)= (28.59◦, 3.55◦). Offsets are based on Galactic coordinates.
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Appendix C: Uncertainty estimation and derivation
of the physical parameters
The uncertainty of Trot in Eq. (1) is
∆Trot =
∂Trot
∂τm(1, 1)
∆τm(1, 1) +
∂Trot
∂TMB(2, 2)
∆TMB(2, 2) (C.1)
+
∂Trot
∂TMB(1, 1)
∆TMB(1, 1),
where ∆τm(1, 1), ∆TMB(2, 2) and ∆TMB(1, 1) are uncertainties of
τm(1, 1), TMB(2, 2) and TMB(1, 1), respectively.
The error of Tkin in Eq. (2) is
∆Tkin =
∂Tkin
∂Trot
∆Trot. (C.2)
Uncertainties of Ntot in Eq. (3) are
∆Ntot =
∂Ntot
∂Trot
∆Trot +
∂Ntot
∂N(1, 1)
∆N(1, 1), (C.3)
where ∆N(1, 1) is the uncertainty of N(1, 1) in Eq. (4).
When τ  1, N(1, 1) is given by
TMB ∝ Texτ and (C.4)
N(1, 1) =
1.65 × 1014
v
J(J + 1)
K2
∆vTMB, (C.5)
The uncertainty of N(1,1) then becomes
∆N(1, 1) =
∂N(1, 1)
∂∆v
∆∆v +
∂N(1, 1)
∂TMB
∆TMB (C.6)
=
1.65 × 1014
v
J(J + 1)
K2
(TMB∆∆v + ∆v∆TMB) , (C.7)
∆∆v represents the error in the line width ∆v. If τ & 1, Tex is
obtained from Eq. (5) as a function of TMB and τ. Then the un-
certainty of N(1, 1) is defined by
∆N(1, 1) =
∂N(1, 1)
∂∆v
∆∆v +
∂N(1, 1)
∂τtot
∆τtot +
∂N(1, 1)
∂TMB
∆TMB.(C.8)
Conversion of measured full width to half maximum
(FWHM) line widths into velocity dispersion: The intensity of
a line with Gaussian distribution at radial velocity vr is
P(vr) =
1√
2piσ
e−
1
2
( vr−vp
σ
)2
, (C.9)
where vp is the peak velocity, and σ is the velocity dispersion.
From the definition of the FWHM, we can infer
e−
1
2 (∆v/2σ)
2
= 1/2 ⇒ σ = ∆v/
(
2
√
2 ln 2
)
= ∆v/2.35, (C.10)
where ∆v is the FWHM.
Conversion of velocity dispersion into thermal contribution
to the observed line width (see Eq. (8)):
vobs =
√
2σ (C.11)
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Appendix D: Fitted velocity and residuals of the velocity fitting
We have assumed that the observed region shown in Fig. D.1 is a rigid body and fitted its velocity field in a linear form. To check
this assumption, we present the distribution of the fitted velocity (Fig. D.1 left panel) and velocity residuals (Fig. D.1 right panel)
between the observed velocity and the fitted velocity. Statistics of the velocity residuals are shown in Fig. D.2. From the right panel
of Fig. D.1, we can see that most of our velocity residuals are in the range of Vobs – Vfit = –1 to 1 km s−1, which can be even more
clearly seen in Fig. D.2. To be specific, 90% of the velocity residuals of the shown region, Serpens South alone and W 40 alone
are in the range Vobs − Vfit < 0.65, 0.56, and 0.79 km s−1, respectively. Larger velocity residuals are mainly located, in Galactic
coordinates, at the western and northeastern part of the Serpens South and the southern part of the W 40.
Fig. D.1. Fitted velocity (left) and velocity residual (Vobs – Vfit) (right) maps of the NH3 (1,1) lines with signal-to-noise ratios >5σ. Contours are
as in Figs. 4 and 6. The black solid polyline in the left panel indicates a potential rotation axis, and three black parallel lines perpendicular to the
rotation axis show the direction of the velocity gradient.
Fig. D.2. Histograms of the velocity residuals (Vobs – Vfit) derived from our NH3 (1,1) data with signal-to-noise ratios >5σ: (a) entire observed
region, (b) Serpens South and W 40.
